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P,EL;TABILITY TESTIBG AHD DWOESTRATION SESSIONS IV C,E 

by Vincent R.  L a l l i  

National Aeronautics and Space Administration 
Lewis  Research Center 

Cleveland, Ohio 

INTRODUCTION 

The ou-kline shown below describes t h e  material t h a t  w i l l  be covered 

i n  t h e  R e l i a b i l i t y  Testing and Demonstration Lectures IV C,E: 

IV B. Application o f  S t a t i s t i c a l  Methods 

1. 

2. 

3. 

4. 

5. 

6. 

Testing with normal u n i t s  

Determination of confidence limits 

Testing with lognormal u n i t s  

Determination o f  confidence limits 

Testing w i t h  bionomial and Poisson events 

Determination o f  confidence l i m i t s  

I"V E. R e l i a b i l i t y  Program Case History 

1. SERT I1 R e l i a b i l i t y  engineering 

2. R e l i a b i l i t y  stress ana lys i s  of  a microthruster power 

conditioner 

A g rea t  deal of work has been done by various researchers t o  develop 

nathematical concepts s u i t a b l e  for r e l i a b i l i t y  studies. The in t e re s t ed  

reader should consult References L through 4 f o r  addi t iona l  details 

per ta in ing  t o  s t a t i s t i c a l  methods f o r  d i s c r e t e  and continuous random 

var iab les  
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I n  these notes effort w i l l  be concentrated op four functions: 

(1) Failure ,  f ( t ) ;  (2)  Rel iab i l i ty ,  R( t ) ;  Fai lure  rate, A; and 

(4)  Hazard rate, A ' .  Since it i s  usually important 00 kpow how well 

a point  estimate has been defiped, some consideration w i l l  be given t o  

calculat ion of  confidence l i m i t s  for normal, lognorrna,l, bionomial and 

Poisson functions. These notes consider specif ic  cases t o  show how 

ana ly t i ca l  or  graphical s t a t i s t i c a l  methods can be used i n  swunpizing 

test  data. 

1. Testing with normal un i t s  (ana ly t ica l  procedure) 

A mechanical part i s  being used where f ' r iction,  mechanical loading 

and temperature are the pr inc ipa l  f a i l u r e  caus$ng stresses. Assume 

that tests t o  f a i l u r e  have been conducted f o r  these mechanical p a r t s  re- 

su l t i ng  i n  the data shown i n  table I. 

( a )  Calculate the  mean-time-between-failures and stwdard deviation. 

( b )  What are the  hazard rate a t  85.3 K hourq and f a i l u r e  rate dur-. 

ing  the next 10.3 K hour in te rva l?  

( c )  What are the failure and r eL iab i l i t y  time f'unctions? 

The mean-time-between-failures and standard deviation can be calcu- 

lated for  the data  given i n  table I as follows: 

n 

f = l  ( a )  7 = 

where 
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- 
e mean-time-between-failures; hr 

time-'.o-failure, hr tf 

n number of observations 

therefore ,  using 

and 

( T =  

the data from table 1 

75 K hours 

f=1 
n - 1  

where (T = unbiased standard deviation 

t$ = 5,7213~10 4 ( K  h r )  2 column 3, table I, 

Therefore, 
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0 - =  

( b )  

follows : 

The hazard rate, A’ and failure rate h are calculated as 

A ’ =  normal ordinate a t  85.3 K h r  
normal area 85.3 K hr t o  - 

L e t  Fl = normal ordinate  a t  85.3 K hr  

Z1 = standardized normal variable 

t - 7 i85.3 - 75.0) K hr = = -=  
0- 10.3 K hr 

- 
Table 4 (p. 352 of ref. 5) f o r  2 = 3.1.0 gives 

constant K, f o r  this problem is: 

Y1 = 0.242. The sca l e  

where 8 = class i n t e r v a l  

L e t  R(tl) = normal area . From table 3 (P+  351 of 

ref. 5 )  for  z1 = +1.0 

&( tl) = 0.841 area from -00 t o  Z1 

Since Q(t,) 3. R(tl) = 1,000 
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R(tl) = 1.000 - 0.841 = 0.159 

and 

1 A ’ K  h = 10.3 K hr 

R ( t 2 )  = normal area 95.6 K hr t o  

From table 3, Q(t2) = 0.977 and R(t2) = 0.023 

1 
10.3 K hr (1 - m) = 8*56x10: = 8.3h10‘* Failures/hr 

i . 0 3 ~ 1 0  
A =  

( c )  The constants for f ( t )  and R ( t )  a re  calculated as follows: 

4 2  8 2r2 = 2 x (1.03~10 ) = 2.12~10 

Therefore, 

-5 , - ( t -7 .5~10 4 2  ) /2.12~10 8 
f ( t )  = 3.87~10 
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'00 
- ( t -7 .5~10  4 2  ) /2.12~10 8 d t  

R( t )  = 3.87~1O-~ e 
t 

2. Determination of  parameters and confidence limits 

Twenty-five (25) mechanical parts have been tested t o  f a i lu re .  

The mean-time-between failures has been calculate@ t o  be 75 K hours 

with Q = 10.3 K hours (see problem 1). ( a )  What are the upper and 

lower confidence limits at  a 90 percent confidence leve l?  

The upper and lower confidence limits are given by: 

where 

- 
t mean-time-between failures hr  

normal coeff ic ient  

unbiased standard deviation ? hr  
Kc& 
cr 

n number of samples 

area under one t a i l  P 

For th i s  problem: 
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= 1.64 from t a b l e  3 of reference 5 
Kc& 

This means tha t  90 percent of t he  time the mean-time-between- 

f a i l u r e s  estimate 

between 71 600 and 78 400 hours. 

s i z e  f o r  problem 1 was only 10 p a r t s ,  

n > - 25 f o r  estimating normal parameters with the above equations. 

f o r  problem 1 with a l p g e r  smple s i ze  w i l l  be 

It should be  noted that the sample 

If possible,  t r y  t o  keep 

If the  sample s i ze ,  n < 25 then use should be made of the s tu-  

dent 's  t d i s t r ibu t ion  ( see  ref, 6). If problem 2 i s  reworked f o r  a 

smaller sample s i z e  of 10, it w i l l  be in t e re s t ing  t o  see the  e f f e c t  t h a t  

sample s i z e  has on the  s i ze  of confidence in t e rva l s .  

S I u = t I- ta- 
-6 

S - 
L = t -  

where 

student t coef f ic ieq t  ta 
S standard deviation , hr 

For t h i s  case with a = 0.10, v = n - 3 = 10 - 1 = 9 
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= 1.83 from table I V  of reference 6, page 243 ta 

= 69.3 K h r  1.83 x 9.82 K hr L = 7 5 K h r  - 
fl 

It w i l l  be noted that the smaller smple s i z e  gives a l a rge r  i n -  
- 

terval of uncertainty for t. 

3. Testing with lognormal u n i t s  ( g r a p h i c d  procedure) 

A cable used as guy supports f o r  sa i l  experiments i n  wind tunnel 

t e s t i n g  exhibited the time-to-failure performance data given i n  table 11. 

( a )  Write the f a i l u r e  and r e l i a b i l i t y  functions. 

(b)  What is the  hazard rate at  5715 hours? 

( c )  what is  the f a i l u r e  rate during the .next 3000 hours? 

a. The e s s e n t i a l  s t eps  f o r  solving th i s  problem are given below: 

(1) Table I1 gives t h e  median rank f o r  each ordered posi t ion.  

(2)  Plot on lognormal probabi l i ty  graph paper (probabi l i ty  x 

2 log  cycles) median ranks against  failure age as shown i n  figure 1, 

(3) If a straight l i n e  can be fit t o  these p lo t t ed  points ,  then 

the t ime-to-failure f'unction i s  lognormal, 

(4)  The mean-time-between-fallures i s  calculated by = loge(T) 

where ? = 6970 hours as shown i n  f igu re  1 f o r  a median ranks o f  50 

percent, hence t' = 8.84. 
- 
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(5) The standard deviation i s  calculated by 

I T =  t' 

where 

a median and [l - rank] 

tu = 49 500 hours and tL = 1020 hours as shown i n  figure 1 f o r  

of 93.3 percent; hence 

Using these constants the expressions for  f ( t )  and R( t )  can be 

obtained. 

3.07~10- l  e-( t -8. 84)2/3. 32 
t f ( t )  = 

-1J 
e - ( t ' - 8 84) '/3 a 32 dt R(t) = 3.07~10 

b .  The lognormal ordinate  required for  A '  can be calculated as follows: 

0.395 from table 4 o f  reference 5 

3 *  O6 = 7.34xlO-'" Failures/hr y2 f(t') = - 
t 5.715~10~ 
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The lognormal area f'rom t' t o  i n f i n i t y  can be obtained d i r e c t l y  

from figure 1 using the [l - rank] scale. 

ttf 

Enter the t ime-to-failure 

ordinate  a t  5715 hours; project  over t o  the lognormal l i f e  functjon 

fa(%) gtnd dbwnto the [l - rank] abscissa value of  0.638. 

hazard rate A'  at 5715 hours is: 

Therefore the 

A'  = 5'34x10'4 = 8 . 3 6 ~ 1 0 - ~  Failures/hr 
6 . 3 8 ~ 1 0 " ~  

c. The f a i l u r e  rate during the next 3000 hours i s  calculated knowing 

the R ( t l )  = 0.638 at 

from f igure 1 a t  t t f  = 8715 hours. Therefore, 

t t f  = 5715 hours and obtaining R ( t 2 )  = 0.437 

4. Deterniination of  confidence l i m i t s  

It has been shown tha t  the guy supports of problem 3 exhibited a 

r e l i a b i l i t y  of 0.638 at a t t f  of 5715 hours. Consider now the pro- 

cedure f o r  determining the confidence band on t h i s  lognormal estirpate. 

The data needed for  the graphical construction of t he  90 percent con- 

fidence l i n e s  on the lognormal graph of  f igure 1 i s  a l so  given i n  fable 

IL. 

i n  f igure  1 are as follows: 

"he s teps  necessary t o  graphically construct the confidence l i n e s  

(1) Enter the ranks axis w i O h  the first 5 pencent rank value 

h i t t i n g  Q(t)  the lognormal l i f e  function shown i n  f igure  1; ordered 

samiple number 3, 5 percent rank 8.7. 
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(2)  Draw a v e r t i c a l  l i n e  t o  i n t e r s e c t  Q ( t )  a t  point 1 as shown 

i n  f igure  1. 

(3) Draw a horizontal  l i n e  t o  cross the  corresponding median 

rank; ordered sample number 3, median rank 25.9. 

(4 )  The in te rsec t ion  point (point  2 i n  f i g .  1) of  step 3 and the 

median rank l i n e  i s  one point on the 95 percent confidence l i n e .  

( 5 )  Repeat s teps  1 through 4 u n t i l  the  desired t ime-to-fai lure  

is  covered, 5715 hours i n  th i s  case. 

(6) The 5 percent confidence l i n e  i s  obtained i n  a s imi la r  

Enter the  ranks axis with the 95 percent f a i l u r e  rank, 25.9 manner. 

f o r  ordered sample number 1. 

(7) Draw a v e r t i c a l  l i n e  which in t e r sec t s  a t  point 3. 

(8) Draw a horizontal  l i n e  to cross the  corresponding median 

Q ( t )  

rank; ordered sample number 1, median rank 6.7. 

(9) The in te rsec t ion  point (point  4 i n  f i g .  1) of  these two l i n e s  

i s  one point on the 5 percent confidence l i n e .  

(10) Repeat steps 6 through 9 u n t i l  the  desired t ime-to-fai lure  

i s  covered. 

A t  5715 hours the 90 percent confidence i n t e r v a l  f o r  Q(t)  is  

from f igu re  1: 19.7 percent, 69.4 percent. 

fidence i n t e r v a l  for  R ( t )  a t  5715 hours i s  0.803 t o  0.306. Inc i -  

dental ly ,  t h i s  graphical procedure for  finding confidence in t e rva l s  i s  

completely general  and can be used on other types of l i f e  test dia- 

grams e 

Hence, a 90 percent con- 
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5. Testing with the binomial and Poisson events 

The binomial and Poisson d is t r ibu t ions  are discrete functions a f  

the number of failures Nf which occur rather than time t. A summary 

of these frequency f’unctions i s  given i n  f igure  1 of reference 4. 

A suspicious l o t  of explosive b o l t s  i s  estimated t o  be 15 percent 

defective due t o  improper loading density observed i n  neutron radiog- 

raphy. 

( a )  Calculate the probabi l i ty  of one defect ive unit; appearing i n  

a f l i g h t  quant i ty  of four. 

(b)  Plot  the r e su l t i ng  histogram. 

( c )  What i s  t h e  re l iab i l i ty  from the  first defect? 

Not much f a i l u r e  density data  i s  avai lable ,  however, past  experience 

with pyrotechnic devices has shown tha t  t he  binomial d i s t r ibu t ion  appl ies ,  

From the given data: 

q per un i t  number of  e f fec t ives  = 0.85 

p per un i t  of defect ives  = 0.15 

n sample s i z e  = 4 

Nf possible  number of f a i l u r e s  = 0, 1, 2, 3, 4 

The frequency f inct iot ls  corresponding t o  these constants are  given 

below: 

nl Nf n-Nf 
f(Nf) = 1 n - Nf). Nf. I P  q 



n 
n! j n- j  

n - j ) !  j! P q  
j =Nf 

4 

j =Nr 

One easy method t o  

t o  make use of Pasca l ' s  

obtain the binomial expansion coef f ic ien ts  is 

t r i ang le .  Pascal found that there was symnetry 

t o  the coef f ic ien t  development and explained it as shown i n  table 111. 

Column 1 gives the sample s i z e  Column 2 gives the possible number 

of f a i l u r e s ,  Column 3 gives the binomial expansion coef f ic ien ts .  The 

numbers i n  the dashed t r i a n g l e  i n  column 3 are obtained by adding the 

two numbers above the number t o  get that  number; that  is, refer t o  

dashed inse r t ion  the t r i a n g l e  3 + 3 = 6. I n  expanded form f(Np) be- 

comes 

n. 

The probabi l i ty  of one defect ive u n i t  appearing i n  the f l i g h t  

quantity of  4 is given by the second term i n  the expansion; hence, 

4q3p = 4(0.85)3(0.15) = 0.37 

The r e s u l t i n g  histogram f o r  t h i s  d i s t r ibu t ion  i s  shown i n  f igu re  2. The 

probabi l i ty  tha t  2, 3, o r  4 defects  w i l l  occur as the r e l i a b i l i t y  from 

the first defec t  i s  the sum of the remaining terms i n  the binomial e%- 
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pansion. 

t ion:  

This  probabi l i ty  can be calculated using t h e  following equa- 

4 
4r j n-2 

R(Nf)  = 14 - j ) :  j! P q  
j =2 

Eowever, it is  

bili-Ly defects  

simpler .to use 

over liJf from 

the  histogram graph and sun the proba- 

2 t o  4. Hence, 

R ( 2 )  = 0.096 -t 0.011 = 0.108 

These explosive b o l t s  i n  t h e i r  present form are not su i t ab le  f o r  use on 

a f l i g h t  spacecraf t  as the probabi l i ty  of  zero defects  i s  only 0.522 

much below tne  usual ly  desired 0.999 for pyrotechnic spacecraft  devices. 

The Poisson d i s t r ibu t ion  i s  used t o  determine the p robab i l i t i e s  

associated with a spec i f ied  number of f a i l u r e s  i n  the  continuum of time. 

Complex e l e c t r i c a l  components have been shown t o  follow the Poisson 

d i s t r ibu t ion .  

Ten space power speed cont ro l le rs  were tested during t h e  Sun- 

flower development program. 

tab le  I V .  

The t ime-to-failure t e s t  data i s  given i n  

( a )  Write t h e  Poisson failure densi ty  and r e l i a b i l i t y  functions,  

(b)  What is  t h e  probabi l i ty  of  f i v e  f a i l u r e s  i n  LO 000 hours? 

( c )  What i s  the  probabi l i ty  t h a t  6, 7, 8, 9,  or  10 failures w i l l  

occur o r  the  r e l i a b i l i t y  from the  Tth f a i l u re?  
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a. Using the  data given i n  table IV, t h i s  problem can be solved as 

fol lows : 

Hence the Poisson f a i l u r e  density function is: 

and the r e l i a b i l i t y  f'unction is: 

b .  The probabi l i ty  o f  f i v e  f a i l u r e s  

t h e  r a t i o  (tf i) . Using t h i s  ra t io ,  f( 5)  becomes 

f( 5) i n  10 000 hours makes use of 

One easy method t o  .calculate the  term (1.16)5 i s  as follows: 

log ( ~ 1 6 ) ~  = 5 log 1.16 = 5(0.148) = 0.740 

(1.16)~ = 2.09 



c. The r e l i a b i l i t y  from the  5th t o  the  loth f a i l u r e  i s  the  sum of the  

remaining terms i n  the Poisson expansion. This probabi l i ty  can be 

calculated using the  following equation 

LU 

0.314 (1.16)' 
R(Nf) = j! 

j =6 

R ( 6 )  = 0.0013 

6. Determination of confidence l i m i t s  

When an estimate i s  made using d iscre te  d is t r ibu t ions ,  it i s  ex- 

pected that addi t iona l  estimates of t he  same parameter w i l l  be close t o  

t h e  o r ig ina l  estimate. 

and lower Confidence l i m i t s  a t  sone stated confidence l e v e l  f o r  dis- 

It i s  desirable  t o  be ab le  t o  determine upper 
A ,  

crete d i s t r ibu t ion  estimates. 

these in t e rva l s  i s  s implif ied by using spec ia l ly  prepared tables and 

graphs. 

references 5, 8, 9, and 10. 

The ana ly t i ca l  procedure f o r  determining 

Usef'ul tables f o r  the binomial d i s t r ibu t ion  a r e  given i n  

A p r i o r  calculat ion showed tha t  the  probabi l i ty  of one defect ive 

pyrotechnic u n i t  appearing i n  a f l i g h t  quantity of  four was 0.37, 
\ .  

What are the upper and lower confidence limits on t h i s  estimate a t  

a 90 percent confidence leve l?  

If the number of defect ives  i s  r and the confidence leve1,j.s y ,  

t h i s  problem has the  constraints  l i s ted below: 

n = 4  r = l  y = 90 percent 

Using these constraints ,  the upper U and lower I; confidence l i m i t s  



can be obtained from table I i n  reference 8. 

L = 0.026 

u = 0.680 

This  means t h a t  wi th  a 90 percent confidence the  probabi l i ty  of one 

defective b o l t  appearing i n  a f l i g h t  quantity o f  four is i n  the i n t e r v a l  

from 0.026 t o  0.680. 

The Poisson mstimate of r e l i a b i l i t y  from t he  5th t o  the 10th f a i l u r e  

for  speed controllers was found t o  be O.OOl3 i n  a previous problem. 

&we the uppgr and lower confidence limits on thir:  estimate at  a 95 percent 

confidence l eve l?  

what; 

- 
The var ia t ion  i n  t can be found by using Chart I, page 23 from 

reference 10. 

of the 5 in t e rva l ,  here Tfil = 10.5; then Tl = 10 T/T/Tl = 

8 .57~10  /10.5 = 8160 hours. 

T/?$ = 9.25; then T2 = 8..57xlO /9.25 = 9530 hours. 

f i n d  Q(5) i s  t o  use f igu re  6-2. of  reference 5, page 61. The tD 
r a t i o s  of i n t e r e s t  a r e  1.22, 1.16, and 1.05, respect ively.  For these 

r a t i o s  w i t h  Nf = 5, the values of  Q(5) from f igure 6-1 a r e  0.997, 

0.9987, and 0.9992, respect ively.  

i s  desired,  R , 5 )  i s  0.003, 0.0013, an@ 0.0008, respect ively.  

Ehter Chart I on the  5 percent l i n e  at t he  l e f t  hand end 

4 Using the  left hand end o f  the  4 i n t e r v a l  

One easy method t o  4 

Since the  sum of the  l a s t  f i v e  terms 

This means tha t  the probabi l i ty  of t he  5th t o  the 10th failure of 

a speed control  occurring i s  i n  the  i n t e r v a l  from 0.0008 t o  0.003 a t  a 

confidence l e v e l  of 95 percent. 
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IV E. R e l i a b i l i t y  Program Case History 

The Lewis Research Center's r e l i a b i l i t y  engineering programs we 

designed t o  require: 

1. Through planning and e f f ec t ive  management of  the  r e l i a b i l i t y  

assurance e f fo r t .  

2. Definit ion of the major r e l i a b i l i t y  engineering tasks and their  

place as an i n t e g r a l  p a r t  of the design and development process. 

3.  Assurance of r e l i a b i l i t y  through a complementary program of 

r e l i a b i l i t y  engineerfng and evaluation. 

1.0 SERT I1 R e l i a b i l i t y  engineering 

A r e l i a b i l i t y  engineering effort was established and maintained t o  

assure that the  complete space system, launch vehicle,  spacecraft  and 

associated ground support equipment are capable of meeting the  SERT I1 

objectives.  

The SERT I1 design concept i s  strongly influenced by the  philosophy 

of maximum u t i l i z a t i o n  of previously space qua l i f ied  hardware, of system 

redundancy, and of extensive endurance t e s t i n g  of a complete spacecraft  

under simulated mission conditions. 

limited to supporting on-board experiments of secondary mission c r i t i c a l i t y .  

For a l l  new designs minimum p a r t s  derat ing f ac to r s  were qp loyed ,  

newly designed c r i t i c a l  components, a review of such f ac to r s  as complexity, 

exposure t o  t r ans i en t s ,  redundancy, an& the  scope and depth of the planqed 

test program were used t o  determine the need f o r  formal s t r e s s  analysis .  

With f e w  exceptions new design is 

For 



Gimilar considerations were given t o  the  need fo r  formal failure mode, 

e f f e c t  and c r i t i c a l i t y  analysis .  

Design review 

Formal design reviews conducted b y ' t h e  Project  d id  include p a r t i c i -  

pation by R W O  personnel. The R&&Ao did provide an independent 

appra isa l  of the design under considerstion giving special a t t en t ion  t o  

i t s  r e l i a b i l i t y  performance. 

follow-up ac t ion  on items r e l a t e d  t o  r e l i a b i l i t y  areas of concern. 

These R&&AO representat ives  d i d  provide 
. '* 

Faflure  mode, e f f e c t  and c r i t i c a l i t y  ana lys i s  

Projected analyses for newly designed c r i t i o a l  systems was developed 

t o  determine possible  modes of failure and their  e f fec t .  

object ive of these analyses was t o  discover c r i t i c a l  f a i l u r e  areas and 

remove suscep t ib i l i t y  t o  such f a i l u r e s  f'rom the system. 

each po ten t i a l  f a i l u r e  was considered i n  the l ight  of probabi l i ty  of 

occurrence and was categorized as t o  probable e f f e c t  on mission success 

of the  system t o  aid i n  proportioning e f f o r t  for correct ive design act ion.  

These analyses were a major consideration i n  design reviews and also pro- 

vided an important c r i t e r i o n  for test planning. 

The primary 

I n  the analyses, 

R e l i a b i l i t y  modeling 

A r e l i a b i l i t y  predict ion model was made t o  show that t h e  system i s  

capable of meeting t h e  spec i f ied  MTBF goals.  

input,  output, i n t e r n a l  and externa3 connection point and boundary was 

shown i n  a system block diagram. The model was revised as required by 

evaluation of t he  design, design changes, and test  data ,  This model was 

Each funct ional  device, 
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used as: 

a. A basis f o r  redundancy. 

b. 

c. 

A guide f o r  r e l i a b i l i t y  improvements. 

A guide f o r  f a i l u r e  data report ing and ma&ysis, 

Par t s  and mater ia ls  se lec t ion  

The R&,QAO did support the Project Office i n  select ion,  reduction 

i n  number of types, specif icat ions,  qua l i f ica t ion  and qpplicat ion reviey 

of parts and mater ia ls .  R&QAO did review nonstandard p a r t s  (i.e.,  parts 

se lec ted  from sources other than preferred parts l i s t s )  and recommend 

their s u i t a b i l i t y  for  use on program hmdlware. 

S t ress  analysis  

Newly designed c r i t i c a l  components and subsystems were studied 

ana ly t i ca l ly  and experimentally t o  determine the e l e c t r i c a l ,  mechanical 

and thermal stresses t o  ver i@ tha t  the designs have adequate deratiqg 

fac to r s  for spacecraft  use. 

measured. Operating magnitude or shutdown were studied t o  determine worse 

Steady s t a t e  and t r ang ien t  stress were 

case conditions. 

I n  cases where the derating fac tors  cannot be achieved, a derat ing 

fac tor  nonconformance l i s t  was prepared. 

R&QAO and recommendations f o r  correct ive ac t ion  submittqd t o  the Project  

Manager e 

This l i s t  was reviewed by 
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E l e c t r i c a l  

E l e c t r i c a l  measurements were made on the  developmental model 

i n  a laboratory environment. 

current and power f o r * p a r t s  operating a t  over 50 percent of  t h e i r  

r a t i n g  or  d iss ipa t ing  more than 0.5 watts.  

This survey did measure t h e  voltage, 

Thermal 

A preliminary thermal survey was conducted on the developmental 

models i n  a laboratory environment. "his survey did measure the  

surface or case temperature of  each c r i t i c a l  o r  questionable p a r t .  

A second thermal survey was conducted on the prototype models 

mounted t o  demonstrate compliance w i t h  f l i g h t  environmeqtal speci-  

f i ca t ions .  

Mechanical 

A mechanical. survey was cpnducted on the  prototype models 

mounted t q  demonstrate proper derat ing for shock, vibrat ion and 

accelerat ion i n  compliance with f l i g h t  environmental spec i f ica t ions .  

Fai lure ,  reporting, analysis  and correct ive act ion 

An in tegra ted  e f f o r t  was establ ished for f a i l u r e  report ing on 

tests conducted with f l i g h t  and prototype hardware and with se lec ted  

developmental hardware agreed t o  by the  SERT I1 Project Manager. 
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Fai lure  repor t ing  

Provisions were established f o r  the organized repor t ing  of 

f a i l u r e s  r e su l t i ng  during se lec ted  developmental, acceptance, 

qua l i f i ca t ion  and l i f e  tests, a t  the  component, sub-system and 

system l e v e l ,  

of the i t e m  w a s  furnished t o  a11 groups requiring such information 

The per t inent  information relevant  t o  the f a i l u r e  

Fa i lure  ana lys i s  

The f a i l u r e  ana lys i s  of the a r t i c l e  was conducted by the 

appropriate design engineer responsible f o r  t he  component. 

Corrective ac t ion  reso lu t ion  

Appropriate correct ive act ion was accomplished on a l l  defi- 

The cor rec t ive  ciencies  reported on a NASA Fa i lure  Report Form. 

ac t ion  was noted as concisely as psssible ,  ye t  amply detailed, and 

did denote the required pos i t i ve  act ion for  the  reso lu t ion  of the 

problem areas 

Review of correct ive ac t ion  a c t i v i t y  

Pro jec t  representa t ives  and R W O  did j o i n t l y  p a r t i c i p a t e  i n  

The purpose of these  meet- per iodic  engineering review meetings. 

ings  was t o  resolve "open" f a i l u r e  and ana lys i s  reports ,  and t o  

define rework, r e t e s t ,  and any addi t iona l  ac t ion  necessary t o  i m -  

prove and maintain system r e l i a b i l i t y .  A f a i l u r e ,  ana lys i s  and 

ac t ion  repor t  was considered resolved when a l l  concurrence signa- 

t u r e s  and dates appear i n  Section I V  of t h e  repor t .  
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Project  summary charts  

Dot Diagrams were prepared by t h e  R e l i a b i l i t y  Office f o r  each sub- 

system,, 

progress toward t h e i r  solut ion observed. 

t i o n  was transmitted t o  a l l  i n t e re s t ed  groups. 

From these diagrams t rouble  spots  can be readi ly  iden t i f i ed  an@ 

The per t inent  summary informa- 

Performance goal  

This Project  used as i t s  performance goal a mean-time between- 

f a i l u r e s  f o r  each sub-system greater  than 8 760 hours. 

The test  data was subjected t o  weighted s t a t i s t i c a l  analysis  t o  

ascer ta in  attainment of t he  goal by each sub-system. 

R&QAO did  per iodical ly  assess t h e  current progress o f  each sub- 

system toward meeting t h e  performance goal,  

Equipment log 

An equipment log and continuous h i s to ry  on t h e  fabricat ion,  inspec- 

t ion ,  tes t ,  storage and assembly of f l i g h t ,  and prototype components was 

maintained. 

The in t e re s t ed  reader can obtain more d e t a i l s  on t h e  SZRT I1 re- 

l i a b i l i t y  and qua l i ty  assurance provisions and procedures from reference 

11. 

2.0 R e l i a b i l i t y  stress analysis  of a microthruster power conditioner - 
Obtaining su i t ab le  power-conditioning equipment f o r  e l e c t r i c  pro- 

pulsion u n i t s  i s  widely recognized as a c r i t i c a l  problem ( r e f .  12) .  

Da;ta have been accumulated on several  e l e c t r i c  propulsion research pro- 
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j e c t s  and other  power-conditioning development contracts  which fur ther  

show that overstressed e l e c t r i c a l  p a r t s  are a prime cause of equipment 

f a i l u r e s  i n  e l e c t r i c  propulsion experiments. 

A t yp ica l  example of t h i s  problem occurred during the WASP f l u i d  

I n  t h i s  case the f a i l u r e  was i n  a 28 t o  500 v o l t  dynamic experiment. 

dc converter which was the  power supply f o r  a telemetry t ransmi t te r .  

Fa i lure  ana lys i s  showed that two, IN 684, subminiature s i l i c o n  r e c t i f i e r s  

had shorted out.  Experimental measurements showed t h a t  the  diodes were 

no t  carrying equal amounts of t h e  applied reverse voltage. The o ther  

r a t i n g s  f o r  each diode appeared t o  be reasonable. The f a c t  that  these 

p a r t i c u l a r  diodes were manufactured w i t h  avalanche reverse breakdown 

proper t ies  did not  seem t o  be s u f f i c i e n t  protection f o r  long-term, 

r e l i a b l e  operation under these conditions ( r e f s .  13 t o  15) 

E t  i s  generally recognized tha t  component-part f a i l u r e  r a t e s  are 

increasing funct ions of the stress applied i n  operat ion,  

it i s  r ea l i zed  that even the best p a r t s ?  when operated at maximum-rated 

stress l eve l s ,  do not have su f f i c i en t ly  low f a i l u r e  rates t o  allow t h e  

synthesis  of highly reliable complex systems. Therefore, the  need t o  

derate components i n  application i s  c l ea r ly  es tab l i shed  ( r e f .  16) e 

Furthermore, 

Component dera t ing  f ac to r s  a r e  na tu ra l ly  based on t h e  component 

r e l i a b i l i t y  at  various stress levels, Once the necessary component re- 

l i a b i l i t y  i s  establ ished,  the  m a x i m u m  stress level a t  which the component 

could be operated can be determined without v io l a t ing  t h e  r e l i a b i l i t y  

requirement. Unfortunately, curves of r e l i a b i l i t y  as a function of stress 
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exist f o r  only a f e w  components and are generally not well proyen even 

f o r  these,  I n  t h e  remainder of t h e  cases, h i s t o r i c a l  information based 

on f i e l d  da t a  obtained *om various equipment o p e r a t h g  under.conditions 

similar t o  those of i n t e r e s t  must be used. 

Table V ShQws t h e  recommended derat ing fac tors  f o r  power conditioners 

This table i s  based on experimental f indings and a survey of  t he  best i n -  

formation cur ren t ly  available. Proper use of these derating f ac to r s  

should y i e ld  component f a i l u r e  rates i n  t h e  range 0 . 1 t o  0.001 percent 

per  1000 hours. Fa i lure  rates w i l l  a l so  vary widely f o r  d i f f e ren t  

appl icat ions because of t h e  pa r t i cu la r  c i r c u i t ' s  tolerance of component 

drift. Therefore, t o  ensure low f a i l u r e  rates the designer should strive 

t o  achieve t h e  grea tes t  possible  c i r c u i t  tolerance.  

Discussion 

An e l e c t r i c a l  stress analysis  tes t  was performed on t h e  microthruster 

power conditioner while it was operating i n t o  an adjustable  resistive load 

bank. 

an ion  th rus t e r  consult ref e 17). 

techniques were worked out .  Detailed t r ans i en t  and steady-state data  from 

these measurements are recorded i n  the  microthruster equipment log  on f i l e  

a t  t h e  Lewis Research Center. 

functions t h a t  were observed i n  t h e  tes t  apparatus under worst-case con- 

d i t i ons  and help explain why the  overstress  problems were occurring. 

(For a more de ta i led  ernlanation of t he  apparatus required t o  operate 

Transient simulation and measurement 

These data describe some of t h e  response 
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R e l i a b i l i t y  model 

The Lewis  microthruster r e l i a b i l i t y  model with the  interconnection 

arrangement of t he  c i r c u i t s  with t h e  th rus t e r  i s  shown i n  f igure  3. 

Each so l id - l ine  box i s  a necessary component of the subsystem, The 

dashed Line defines the  subsystem boundaries, The power conditioner has 

27 c i r c u i t s  t h a t  a r e  operated by a dc power source, These c i r c u i t s  

change the  primary power i n t o  the proper voltage and currents fo r  t h e  

thruster heaters ,  t he  high-voltage electrodes,  and s igna ls  of t h rus t e r  

parameters. 

Each component has been assigned an iden t i f i ca t ion  number o r  l e t t e r  

corresponding to t he  equation index n o r  j .  Numbers were used t o  

i d e n t i e  main component blocks. Lower-case l e t t e r s  were used f o r  aux- 

i l i a r y  components. Two equations have been added t o  t h i s  diagram t h a t  

describe (1) t h e  theo re t i ca l  r e l i a b i l i t y  of the  th rus t e r  equipment and 

(2 )  t he  theo re t i ca l  r e l i a b i l i t y  of the  telemetry c i r cu i t s .  

was used as 

This diagram 

(1) A bas i s  for  redundancy 

(2 )  A guide f o r  r e l i a b i l i t y  t rade-offs  

(3) A guide fo r  f a i l u r e  data  report ing and analysis  

For a more complete treatment of t h e  r e l i a b i l i t y  model consult reference 18. 

Summary of findings 

A summary of t he  worst-case e l e c t r i c a l  stress analysis  f indings i s  

given i n  t a b l e  V I .  The 

microthruster power-conditioning equipment contained 523 e l e c t r i c a l  par t s ;  

52 of these p a r t s  had not been derated s u f f i c i e n t l y  Lo s a t i s f y  recommended 

The p a r t s  have been grouped i n t o  s ix  categories.  
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derating fac tors .  None of  these def ic iencies  were observed either by 

calculat ions or  under normal operating conditions. 

t o  invest igate  various operating Conditions experimentally t o  f i n d  the 

highest  stress conditions. Transients caused by turnon, s t ep  changes 

i n  parameters, simulated arcs ,  o r  turnoff were studied i n  the laboratory 

t o  define these problem areas .  

analyzed. Corrective design changes were implemented i n t o  the bread- 

board model t o  eliminate the worst-case overstress  conditions, 

It was necessary 

Each improper derating condition was 

Although the e l e c t r i c a l  stress analysis  covered the e n t i r e  micro- 

t h rus t e r  power conditioner, t h i s  discussion i s  l imi ted  t o  one of  the 

more in t e re s t ing  problems, that  of the r e c t i f i e r  stresses. 

An examination: of the data i n  t a b l e  V I 1  reveals that ten UTR 62 

r e c t i f i e r s  were overstressed. 

indexes 1 5  and 16 i n  f igure  3. 

be overstressed i n  indexes 2, 14,  and b i n  f igure  3. 

I N  1616, two I N  2999B and eight  FD 300 r e c t i f i e r s  were a lso  overstressed, 

a s  shown i n  table V I I .  I n  most cases the  overstress  condition was 

reverse voltage. I n  a l l  cases measurements were made f o r  .?N and ?I 

t o  ensure proper derating under worst-case conditions. 

All of these r e c t i f i e r s  were i n  output 

Three I N  649 r e c t i f i e r s  were found to 

One I N  746, two 

Schematic, of index 2.5 

Experimental data f o r  a l l  the e l e c t r i c a l  pa r t s  were obtained by 

making e l e c t r i c a l  measurements on the  microthruster power-conditioning 

breadboard, 

c i r c u i t  shown schematically i n  f igure  4. 

Index 15 f o r  the beam supply i s  the voltage quadrupler 

The input forcing function 
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- 
'1,i - '2,i i s  a regulated -24 vol t s  de. This voltage i s  applied 

through an inver te r  a l t e rna te ly  t o  each ha l f  of t he  primary of T9. 

The stepped-up output V of T9 i s  used t o  charge four quadrupler 

capacitors,  
5¶0 

5 7  t o  c62) connected through the  r e c t i f i e r s ,  c58 
t o  ml12, t o  generate +1600 vo l t s  dc output, v6,0 (Ref. 19).  The 

table i n  f igure  4 shows t h e  f i n a l  t r i m  capacitance values t h a t  were 

used i n  the s t ress - re l ieved  beam supply, 

The UTR 62 r e c t i f i e r s  a r e  a l loy-d i f f i sed  s i l i con  devices. The 

fabr ica t ion  process i s  controlled i n  such a manner as t o  optimize re- 

covery time. 

i s  appropriate f o r  these devices. 

why proper derating for  reverse voltage 

term r e l i a b i l i t y .  

Fast  recovery t i m e  suggests t h a t  an abrupt junction model 

This  model i s  used later t o  show 

(-V) is  important for  long- 

Test apparatus 

The Major piece o f  tes t  equipment used f o r  these observations was 

an oscilloscope. 

used t o  measure r e c t i f i e r  voltage i s  shown i n  f igure  5. 

a t tenuator  and voltage i so l a t ion  probe was connected t o  t h e  test 

specimen. A logarithmic-scale compression c i r c u i t  was used t o  measure 

t h e  r e c t i f i e r  voltages because o f  i t s  dynamic range of 4 orders of 

magnitude. The c i r c u i t  was sens i t i ve  t o  test  apparatus loading. The 

d i f f e r e n t i a l  probe had an input impedance of 30 megohms and 3 pico-. 

farads, which appeared t o  give minimum c i r c u i t  disturbance. 

One of t h e  more in t e re s t ing  tes t  apparatus setups 

A 200 t o  1 

The s igna l  

r a t i o  V m d V m i n  was reduced from 600/0.8 t o  3/0,004 by t h e  probe. 
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This information i s  amplified by a fac tor  of 10 t o  30/0.04 and fed i n t o  

logarithmic amplif iers  f o r  compression, 

specimen was obtained by subtracting channel B from channel A. 

p lay device was the  oscilloscope. 

The voltage across  t h e  t e s t  

The dis- 

Ground-loop noises were reduced by connecting the  oscil loscope 

common with t h e  power-conditioner-circuit common and i so l a t ing  t h e  

oscil loscope from i t s  power source. 

Unbalance and zero drift are c r i t i c a l  adjustments i n  t h i s  dc- 

coupled measurement technique. 

component t o  assure t h a t  it i s  cal ibrated,  operating, and adjusted 

properly. 

assures cancellation of unwanted o r  j n t e r f e r ing  s ignals .  It i s  d i f f i -  

cult t o  resolve 

pression. However, f o r  dynamic measurements on a system with t h i s  com- 

plexity, greater accuracy was not required. 

Proper a t t en t ion  must be given t o  each 

Connecting channels A and B t o  t he  same point,  as a check, 

?V beyond about 210 percent because of sca le  com- 

Ekperimental da t a  

a t  laboratory cRg7 to cR112 E l e c t r i c a l  stresses f o r  r e c t i f i e r s  

m b i e n t  temperature are shown i n  tableVI3X. The data  show t h a t  

+I, and W meet t h e  requirements of  table V. The measured data a t  

laboratory ambient temperature (approx. 21' C) a r e  compared with the  

spec i f ied  spacecraft  heat  s ink  a t  a maximum of 60' C t o  obtain the  com- 

ponent derating fac tor  f o r  these conditions. 

diodes have reverse voltage and current stresses, -V and -I, with 

derating fac tors  of 1 .0  and 12,5, respectively,  which i s  considerably 

above t h e  specif ied derat ings,  

+Vg 

Some of t h e  r e c t i f i e r  
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A P-N junction i s  reverse recovered from the forward conducting 

s ta te  when the current  passing through the junction goes t o  zero ( i . e . ,  

righthand thermally generated hole current  I equals lefthand 

thermally generated e lec t ron  current  Ign). 

ment of t h e  theory of P-N junctions consult references 20 and 21. 

The junction current  goes t o  zero by d i f fus ion  and drift,  removing the 

majority c a r r i e r s  from the junction. 

current  spike occurs which was the cause f o r  

r a t i n g  by a f a c t o r  of about 10, The energy r a t i n g  of t h e  r e c t i f i e r  i s  

not exceeded by these  r e p e t i t i v e  reverse-current spikes and is, there-  

fore ,  not a major concern. 

@ 
For a more complete treat- 

A t  t he  i n s t a n t  of switching, a 

t o  exceed i t s  dc 1-1 

Table VIfIalso shows t h a t  t h e  junct ions were not sharing reverse 

voltage equally. 

junction breakdown t o  show t h a t  equal -V sharing i s  important f o r  

r e c t i f i e r  r e l i a b i l i t y .  For example, CRlo0 would hold o f f  a p o t e n t i a l  

of 600 v o l t s  while CR was carrying only 30 v o l t s  peak. Based on 

these  observations, it was c l ea r  t h a t  r e l i a b i l i t y  could be improved if 

t h e  diodes shared the reverse voltage more equally. 

CRg7 would pick up about five times more -V when CRlo0 shorted out 

which no longer would than i f  CR shorted out.  After a time CR 

be properly derated, could f a i l  by this same junction de te r io ra t ion  

phenomenon and thereby cause CRg8 and CR t o  carry t h e  remaining 

burden with no derat ing.  

power-conditioner output would go t o  zero. 

The appendix reviews t h e  current  theory applicable t o  

98 

I n  our example, 

97’ 98 

99 
Eventually a l l  r e c t i f i e r s  would f a i l  and the 



Most probably the  pa r t  with the greatest e l e c t r i c a l  stresses w i l l  

f a i l  first.  Past experience w i t h  diodes has shown t h a t  short ing is 

t he  dominant failure mode. If some method could be found to make a l l  

reverse po ten t i a l s  nearly equal, a derat ing f ac to r  of about 0.33 could 

be achieved, and the probabi l i ty  of junction de ter iora t ion  breakdown 

occurring could be reduced. 

Conventional methods ( r e f s .  14  and 15) were employed t o  improve 

reverse-voltage sharing as t h i s  could possibly have improved the  long- 

term r e l i a b i l i t y  of a s e r i e s  of r e c t i f i e r s ,  The c i r c u i t  stopped op- 

e ra t ing  properly when these d i f f e ren t  methods were tr ied.  

"Recognizing t h a t  equal C terms should share -V equally, 

th ree  f ixed t r i m  capacitors were added t o  each s t r i n g  to meet the  de- 

s i r e d  constraint  

ment of trimmer capacitors and t h e i r  values a r e  shown. 

tha t  qu i te  an improvement i n  

proper Ct without a f fec t ing  -I appreciably, The maximum spread on 

uncompensated reverse voltage o f  17 t o  600 vo l t s  peak has been reduced 

t o  160 t o  205 vol t s  peak (compare t a b l e  =with table n>- 

2 

10.9 VI 5 1 -VI 5 11.1 VI. I n  f igure  4 t he  arrange- 

Table IX shows 

-V has been accomplished by adding the 

Reverse voltage may have exceeded the desired tolerance by a small 

amount; however, the tolerance was pr imari ly  determined by the f ixed 

values o f  mica capacitors avai lable .  Reverse current has been increased 

roughly by a fac tor  of 2. This is  not  nearly enough t o  influence the 

energy ra t ing  W or c i r c u i t  operating parameters. It remained t o  show 

that temperature would not adversely influence voltage sharing and that 

such a r e c t i f i e r  s t r i n g  would operate f o r  a long time without f a i l u r e .  
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Temperature data  f o r  $1 and 3 were taken by placing the 

rectifiers,  CRg7 t o  CRl12, and t r i m  capacitors Ct i n  a ternpera- 

t u r e  chamber. 

the range from -54' t o  85' C were selected as tes t  points.  

data  f o r  ?I and does not show tha t  temperature has any pro- 

Ten temperatures spaced approximately 14' C apar t  i n  

The test 

nounced e f f ec t  on the  c i r c u i t  responsee Table sunmarizes the 

data for -V by giving the cen t r a l  value -V, and standard deviation 

u9 i n  the tes t  temperature range. 

- 
A 

The mean value of reverse voltage varies from 162 with B = 7.7 

volts p e a  t o  209 with cr = 5.8 v o l t s  peak. Further consideration o f  

f igure 4 helps explain why temperature has not much influence on 

voltage sharing for t h i s  compensation method. The transformer Tg 

has been optimized for weight, which tends t o  increase copper losses;  

copper, s i l i con ,  and mica a l l  have pos i t ive  changes i n  res is tance,  

leakage, and capacitance, w i t h  temperature. When these two f a c t s  are 

considered, one explanation f o r  t h i s  nominal temperature e f f ec t  may be 

that  as temperature increases the copper losses increase.  

time the  load impedance i s  decreasing, which tends t o  maintain a con- 

At the same 

s t a n t  response function. Conversely, when temperature decreases the  

copper losses  decrease and the load  impedance increases,  which tends to 

hold Vs constant. 
,o 

Exhibited response 

The microthruster power-conditioning breadboard revised t o  eliminate 

high-stress areas was run i n  the laboratory without failure f o r  7052.3 

h0UX-S. 
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Conclusions and recommendations 

The worst-case e l e c t r i c a l  stress analysis  t es t  performed on a 

microthruster power-conditioning breadboard disclosed a number of 

e l e c t r i c a l  p a r t s  which were overstressed, 

analyzed t o  determine su i t ab le  correct ive a c t i w .  

changes were implemented i n t o  the breadboard model. 

Each overstressed p a r t  waq 

Corrective design 

Experimental measurements showed that a worst-case stress analysis  

obtained through laboratory t e s t ing  i s  necessary t o  identif 'y over- 

stressed conditions which are not evident from an ana ly t ica l  study o r  

from subjecting the equipment t o  normal operating conditions. 

r e c t i f i e r  diode problem i s  an example of a worst-case stress condition 

The 

that was iden t i f i ab le  only through laboratory tes t ing .  

t h i s  t e s t ing ,  the r e c t i f i e r  problem was solved by adding h igh - re l i ab i l i t y  

mica capacitors across the r e c t i f i e r s  t o  improve the  voltage sharing 

capab i l i t i e s  of t h i s  design. 

As a r e s u l t  of 

Breakdown theory shows that junction deter iorat ion could have been 

the cause o f  several c r i t i c a l  f a i l u r e s  which have occurred on past ion- 

engine research projects .  A fur ther  review of these breakdown theor ies  

showed that  avalanche construction i s  not always the answer t o  ob- 

ta in ing  long-term reliable operation under a repeated t r ans i en t  condi- 

t ion .  

An ion-thruster  power conditioner was modi f i ed to  eliminate the 

evidenced over-stressed conditions described herein. 

d i t ioner  operated properly f o r  more than 7000 hours. 

This power con- 
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APPEXDIX - Junction Breakdown 

Presently there a r e  two theo re t i ca l  explanations as to how a P-N 

junction which has voltage applied i n  the reverse d i rec t ion  abruptly 

changes *om high res i s tance  to essen t i a l ly  zero, 

two ty-pes of breakdown. 

an oscil loscope i n  the laboratory. 

Figure 6 shows these 

Both types of brezikdown have been observed on 

From the or ig in  t o  point A, I appews t o  be following the 

theo re t i ca l  diode equation (ref. 2 0 ) ,  

Is = I@ -t- Ign 

From A to B, 1 i s  increased by a leakage component. From B t o  

E, 

paths E-C-E and E-D-E are sometines referred t o  as the  zener and 

Townsend breadown paths, respectively.  The ac tua l  breakdown mechanisms 

are not w e l l  understood as each theory does not fit exactly with the ob- 

there are two apparent paths by which breakdown occurs. These 

served phenomena. 

The zener breakdown theory ( r e f .  22) postulates  that the covalent 

bonds Ln the v i c i n i t y  of the depletion are  spontaneously disrupted by 

the high e l e c t r i c  fields that exist i n  th i s  region. 

avai lable  by the  disrupted bonds would add to T and Z: For 

Tke ca r r i e r s  made 

€9 gna 
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high fields, large number o f  f i e l d  c a r r i e r s  would be generated, l i m -  

i t ed  only by the ex terna l  c i r c u i t  res is tance,  taking I i n t o  the  E-F 

or  avalanche region ( r e f s .  23 and 24). 

High fields a r e  cer ta in ly  present i n  P-N junctions under reverse  

bias conditions, as can be seen from the following s implif ied analysis .  

The experimentally studied r e c t i f i e r s  were UTR 62 devices w i t h  f a s t  

recovery time. 

priate for  these devices. Since x = W1 f W2 and 5 = 0 (fig. 7), 

a point of i n f l ec t ion  occurs at x = 0 and is  maximum (see  ref. 20); 

Figure 7 shows an abrupt junction model which i s  appro- 

therefore ,  

For an abrupt junction, 

For s i l i c o n  th i s  becomes, 

where 

Pn = 5.0 O - C ~  

VB = v - v, Veq << v 
eq 



Therefore, 

-VI = 200 v o l t s  

and 

= 3.98~10 5 volts/cm bxix 

Even though th i s  analysis  i s  only approximate, it i s  clear  t h a t  

t h i s  i s  a very high f i e l d  and spontaneous disrupt ion of  the covalent 

bonds i s  qui te  l i ke ly .  However, due t o  t h e  i n a b i l i t y  of t h i s  theory 

t o  explain some observable phenomena, it i s  no longer accepted as 

complete. 

The Townsend breakdown theory ( re f .  25) develops t h e  analog be- 

tween a gas discharge and a P-N junction breakdown. The reverse 

junction current i s  composed of thermally generated holes, electrons,  

and leakage (eq. (1) and f i g .  6). When t h e  applied junction po ten t i a l  

i s  increased, from point B, -V increases t h e  energy state t o  a point 

where the  thermal ca r r i e r s  begin t o  experience ionizing co l l i s ions .  

Each ionizing co l l i s ion  contributes secondary holes and electrons t o  

-I, beyond t h e  leakage contribution, This causes c a r r i e r  multiplica- 

t i o n  t o  occur, as each ionized ca r r i e r  may s t r i k e  several atoms as it 

passes through t h e  depletion zone. Depending on the magnitude of t he  

applied po ten t i a l  -V, the  number o f  ionizing co l l i s ions  can cascade 

qu i t e  rapidly as shown along the path B-D-E ( f ig .  6) ~ From point  E 

upward, t he  number of  c a r r i e r s  generated by co l l i s ion  i s  no longer a 

function of -V, as VA has been reached. The junction current is, 
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i n  the E-F region, again, only limited by the ex terna l  c i r c u i t  re- 

s is tance.  

It can be seen that a l l  P-N junctions w i l l  avalanche at some 

poten t ia l .  Whether th i s  disturbance occurs along path B-D-E or  

B-C-E does not  change the fact that this  i s  a very high stress con- 

d i t i on  f o r  any junction and can e a s i l y  cause fa i lu re .  

shown i n  the l i t e r a t u r e  ( r e f s .  13 t o  15) tha t  the instantaneous energy 

r a t i n g  cannot be exceeded, or  sudden f a i l u r e  by punch-through w i l l  

occur. The fact that a pa r t i cu la r  P-N junction can operate i n  the  

E-F region under control led conditions by v i r t u e  of avalanche con- 

It has been 

s t ruc t ion  does not give t o t a l  assurance against  de te r iora t ion  due t o  

repeated high reverse-voltage stresses. 

Elevating the temperature i n  which the junction aperated aggra- 

vates the s i tua t ion  s t i l l  fur ther .  Temperature causes Is t o  in-  

crease. For s i l i con ,  Is increases about 1 order of magnitude f o r  

each 20 K. 

c a r r i e r s  has increased, the avalanche po ten t i a l  V should decrease. 

Here, both theor ies  appear t o  be misleading, as i n  many cases the 

measured value of VA increases s l i g h t l y  with temperature. 

This increase would suggest that s ince the  number of 

A 

It appears t h a t  the Early e f f ec t  (ref. 26) under ce r t a in  condi- 

t i ons  may cause de te r iora t ion  i n  P-N junctions.  This may explain 

why P-N junctions that were avalanche protected s t i l l  suffered gradual 

de te r iora t ion  as a r e s u l t  of high reverse-voltage stress. This poten- 

t i a l l y  unrel iable  condition can be minimized by adding a small trimer 

capacitor across each exposed junction t o  cause equalization of reverse 

voltage e 
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TABLE I. - TEST DA FOR A MECHANICAL PART 

Ordered sample number 

1 
2 
3 
4 
5 

6 
7 
8 
9 

n = 10 

T sba.1 s 

tf? 
K hr 

66 
65 
68 

75 

’ 4‘5 
. $0 
83 
85 
40 

7 50 

2 

(K hrb2 

3600 
4225 
46 24 
4900 
5625 

5625 
64GO 
6889 
7225 
8100 

57 213 

‘tf 2 

TABLE 31p. - CABLE TIME-TO-FAILURE DATA 

Ordered sample Time .-to - Medim 
number failwe, 

hr 

1 
2 
3 
4 
5 

6 
7 
8 
9 

n = 10 

1 100 
1 890 
2 928 
4 100 

~ 5 715 

8 720 
12 000 
17 508 
23 900 

i 46 620 

25.9 
39.4 
50,7 
60. a 
6 9 - 7  

77. 8 
85.0 
91.3 
96.3 
99,5 

“From tables 2, 5, a d  85 n ~ f  reiererux 7. 



FOR BINOM EFFECIENTS 

TABLE IV. - SPEED CONTROLLER 
TIME-TO-F LURE DATA 

Ordered sample munber 

1 
2 
3 
4 
5 

6 
7 
8 
9 

1 

Total 

3 520.0 
4 691.2 
6 729.3 
7 Of0.0 
8 510.2 

9 2SO.l 
10 9f8 .0  
11 220.5 

12 226,4 

85 866.3 



TABLE V. -COMPONENT DERATING FACTORS FOR POWER CONDITIONERS 

Component Component 
derating 

veighting factorf 

Remarks 

Zapacitors 
Ceramic disc 
Ceramic, low voltage 
Glass: 

CYFRlO and CYFR15 
CYFRZO and CYFR30 

Porcelain 
Mica 
Plastic film 
Paper 
Metalized 
Tantalum, solid 
Tantalum, wet slug and foil 

The following equation establishes the deratin 
factor for capacitors where values of X and 
Y are given: 

c - Cmin 

'max - Cmin 
(Y) Derating factor = X - 

where 

C capacitance value of capacitor for 
which derating factor is desired 

Cmin smallest capacitance value available 
with same case size and voltage 
ratingas C 

C,, largest capacitance value available 
with same case size and voltage 
rating as C 

h r r e n  Contacts shall be derated to 75 percent of 
rating for individual contacts. The average 
current rating from 1 to 15 contacts shall be 
decreased linearly to 20 percent. For more 
than 15 contacts the rating is 20 percent of tht 
normal individual contact rating. The applied 
voltage between contacts or between contacts 
and shell shall not exceed 250 volts rms. 

:onnectors, low voltage 

Current and voltage derating factors shall be 
applied simultaneously. 

lilicon diodes 
Signal and switching 0.6 

. 5  

. 3  

.85 

. 5  

.43 

.75 

. 5  

.30 

. 5  

. 5  - 
--- 

- 
0. 3 

+I 

W 

+I 

W 

+I 

W 

Power 

Power 

tv, -I - 

cv, -I  - 

I.v, -I - 

- 
------ 

- 
hrrent 

?ewer 
- 

I 

Power (Io 5 1OA) 

Power (1OA <Io c 35A) 

Zener (power 5 1W) 

Zener (1W <power 5 50W) 

iicrocircuits Supply voltages may be reduced to effect lowei 
3ower consumption, at the price of slower 
switching speeds and narrower noise-immunit 
margins. Allowable fan-out should be reduce( 
:or reliable operation. Operation over wide 
.emperatwe ranges will generally result in 
iecreased circuit margins and fan-out capa- 
Jility. Operational stability may be improved 
f power-supply voltage tolerances a re  tight- 
sned, especially if the devices employ non- 
3aiurating circuitry. 

lelays 

Lesistors 
Composition 
Film 
Wirewound power 
Wirewound precision 

0.7 
.4  
. 5  
. 4  

0.4 ?ower 'ransformers 

Ylicon transistors .25 ?ewer 
~ 

lroltage applied across any junction or group 
d junctions shall not exceed 50 percent of 
*ated voltage. 

aDerating = Maximum stress for reliable operation 
Rated stress 
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TABLE VI. - SUMMARY OF WORST-CASE 

EZECTRICAL STRESS ANAz;ysIa 

RESULTS 

Transistors 

a Percentage o f  par ts  overstressed, 
9.9 percent. 

TABLE mI. - OVERSTRESSED-RECTIFIER DETAILS 1 Regif ier ,  

81, 84, 101 
85 
89, 93 
loo, 108 
109 
112 
7 
22 
37 
213, 114 
54 
8, 9 
14, 15 
134, 135, 137 
146, 147 
165 

a Derating factor 

0.80 
1.08 

* 93 
1.00 
63 
73 
97 

1.74 
5.18 

Spikes 
97 
79 

Spikes 

UTR 62 I 
I N  649 

I N  1616 
I N  746 

:N 29993 

Index 
( f i g .  1) 
16 
16 
16 
1 5  
15 
15 
2 
b 
14 
10 
17 
10 
4 
11 
8 
2 

The specified derating factor for  working inverse a 

voltage as given i n  table I is 0.50. 
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TABLE n x x .  - MPERSmW& CSRCUIT DATA AT 

LABORATORY AMBIEXT TEMPERATURE (21' C )  

600 

leverse voltage, 
-VI 

v o l t s  

62 
30 
56 

600 
480 
48 
52 

240 
40 
17 
28 

600 
380 
64 
58 

440 

Rating at 60' C 

L . l  a t  U 

Toltage , 
v o l t s  

V, 

1600 

3.8 

-1 
I 
I 

8.0 

20.0 

17.0 

0.07 a t  600 v 

Xeverse cur ren t ,  
-1 9 

mA 

0.9 

1 

C 3 

105 

Energy r a t i n g ,  
WI 

watt - sec  

07 
13 

1.4 
1.1 
11 
.12 
55 

03 
.06 

76 
13 
.13 
.88 

b 08 

1.2 
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TABLE M - COMPENSATED, EXPWIMElWAL, 

RECTIFIER DATA 

Lectifier 
CR 

97 
98 
99 
100 
101 
102 
103 
104 
105 
106 
107 
108 
109 
110 
111 
112 

0 Temperature C 

21 

Reverse 
voltage,  

-v¶ 
peak voltr 

3everse 
Zurrent , 
-1 ¶ 

?e& mA 

1.7 

1.6 1 

1.4 I 

-54 to 85 

lean reverse 
volZage,, 

-v, 
peak v o l t s  

Standard 
leviation, 

U Y  ?eak voltE 

5.8 
4*7 
5.8 
4.7 

7.7 
7.7 
7.1 
7.7 
5.8 
4.7 
5.8 
4.7 
4.7 
7.7 
7.1 

4.7 



5% CONFIDENCE 
L I N E 7  

I I I I I I I 

e -Lognorma life test diagram. 



1. 

. 

. 

2 3 4 

- NUMBER OF FAILURES, Nf 

Figure 2. - Explosive bolts histogram. 
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TT Temperature 
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Power-conditioni ng container ------------------------- 

regulator 

- 
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- amplifier I 
high voltage propellant 
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I I  I t TT fl 
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Figure 3. - Microthruster reliability model with identifying devices. - .____.- ~- 
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v2, i 

. \  .. 
c59 R99 '58 

v6, o 

lectifiers, 
CR 

91 
98 
99 
100 
101 
102 
103 
104 
105 
106 
101 
108 
109 
I10 
111 
112 

Trimmer 
capacitance 

Ctt 
PF 
21 
0 
54 
1% 
1% 
?o 
0 

45 
24 
0 

45 
150 
12 
0 
5 
60 

Figure 4. - Index 15. Output voltage, L6kilovolts dc; maximum output rectifier current, 3.0 milliamperes dc; fre- 
quency, 2 kilohertz; input potential, 24 wits dC; 04 i = -82, t - - -  - 
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Figure 5. - Apparatus setup for rectifier voltage. 
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Figure 6. - Steady-state junction breakdown. 
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Figureir. - A ~ I ~ U P ~  junction model. 
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